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ABSTRACT 


The oblique impingement of an axisymmetric jet has been investi* 
gated. A summary of the data and the analytical interpretations of the 
dominant mechanisms ydiich influence the flow are reported. Ihe major 
characteristics of the shallow angle oblique jet impingement flow field 
are: 

1) minimal dynamic spreading as revealed by the surface 
pressure field, 

2) pronounced kinematic spreading as revealed by the jet flow 
velocity field, 

3) a pronounced upstream shift of the stagnation point from 
the maucimum pressure point, 

4) the production of streamwise vorticity by the impingement 
process. 


This research work was supported by the NASA Lewis Research Center, 
Grant NGR 23-004-068. 



1. INTRODUCTION 

The oblique impingement of an axisymmetric jet on a large plane 
surface >vas the subject flow for the investigation reported herein. Figure 1 
presents a schematic representation of the flow field and defines the 
variables used for its description. The objectives of the study were to 
identify tiic characteristics of this flow field and to infer the dominant 
mechanisms responsible for them. The shallow angle {0 < a <■ 12 degree) 
cases were of primary concern; however, several larger angles were in- 
vestigated for purposes of comparison. 

This study was motivated by the externally blown flap configuration 
for a STOL aircraft. Specifically, if the populsion jet interacts with the 
airfoil surface prior to its impingement upon the extended flap (for an 


underwing configuration), fiien the proper design of the gap, between the 
airfoil and flap, must account for the nature of the flow resulting from 
this interaction. In particular, a gap which allows the streamwise vorticity 
(created by the interaction) to be passed to the suction side of the flap 
will provide an enhanced boundary layer control effect for the flow over 
the flap. The application to the over -the -wing configuration is even more 
apparent. The geometric range of experimental interest, 0.5 < h/d^2, 

0 ^ x/d ^ 5, was suggested by this motivation problem. The incidence 

angle and jet -plate separations examined are listed in Table 1. 

Previous literature references on the shallow angle, oblique jet 

impingement flow field have not provided for its extensive documentation. 

A wind tunnel simulation study by Raney and his associates [l] was 
carried out at the British R.A.E. Farnborough to evaluate the effects of 
an underslung engine placed in rather close proximity to the support 
wing. The investigation evaluated a configuration for an airbus, auid a 
straight wing (no flap) was used with jet -to -free stream velocity ratios 
between 1 and 2 (l^Uj^^/u^ S 2); that is, a condition simulating a high 
speed forward flight was investigated. The actual engine geometry was 
simulated and this flow source was mounted on an airfoil. The object 
data were the pressures on the upper and lower surfaces of the airfoil. 

An incidence angle (a ) of four degrees was employed for the majority of 
the tests, and h/d values of 0.65 to 0.88 were investigated. For the 
geometries and flow conditions evaluated, the upper surface pressure 
distribution remained unchanges from the condition in which only an 


airfoil was present. However, the lower surface pressure distribution 
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showed a strong dependence on the spacing (h/d) and velocity (u /u.) 

® J 

ratio. It should be noted that STOL applications will involve much greater 
velocity ratios and possibly different engine configurations than those 
tested. Ihe principal contribution of the Raney, et. al. report to the 
present study is considered to be the possible inference of free stream 
velocity effects. 

Alexander, Baron and Comings have reported an extensive series 
of tests involving free jet flows [Z]. They propose that the analytical 
approach due to Reichardt provides an effective calculation scheme for 
transport phenomena. As one aspect of this general study, they have 
recorded a limited quantity of data for two, parallel, round jets. The 
data are recorded for the plane defined by the jet axes and the streamwise 
direction (except for a symmetry plane traverse at x/d = 30). The data 
are reported for x/d i 10 and for a jet separation of (approximately) 2. 4d. 
With the observation that the center plane is a plane of symmetry, they 
indicated that the two -jet flow field will be similar to that with a wall at 
the plane of symmetry. Their data for the latter case also commence at 
x/d = 10 and are only for the above indicated planes. The data for the 
case using the physical plane show somewhat greater velocities near the 
plane than the completely free condition. This observation, not explained 
by the authors, may be due to the generation of streamwise vorticity as 
discussed in the results section of the present writing. 

Axisymmetric jets which are parallel to the wall have been investi- 
gated by Kuchemann [3] and Naib [4]. The jets were displaced above the 
surface for the former study and exhausted at the plane of the surface 
for the latter. The substantive information from both of these is primarily 
associated with the flow at downstream locations beyond the domain of the 
present study. 

More extensive data is available for the large angle jet impingement 


case. 

Yakovlevskii and Krasheninnikov [s], in a study of a round jet im- 
pinging on a flat plate at i^.rge angles, have indicated that the lower portion 
of the jet shows some reversed flow at an angle of 30-35 degrees. Their 
pressure data and velocity data were mainly in support of their interest 
in the flow at a considerable distance from the impingement point and is 
too coarse to be of value to the present study. Donaldson and Snedecker [6] 
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provide documentation of nozzle height, mach number, and large angle 
(a = 90, 60, 45, 35 degrees) effects on an impinging jet. Because of the 
reversed flow condition for angles larger than 30-35 degrees (an observa- 
tion which they substantiate), the majority of their work does not overlap 
with or contribute directly to the present study. The pertinent features 
of their study are quoted along with the results presented herein. 

Westley, et. al. [?] present extensive data for surface pressure fluctuation 
intensities of normal and obliquely impinging jets (22.5 ^ a ^90 degrees) 
for both super and subsonic mach numbers. Flow visualization by surface 
streaking markers is presented for a supersonic jet exit condition. 

For completeness, it should be noted that there have been numerous 
studies of the vertical impingement of a round jet on a flat plate. Tani 
and Komatsu [8], Chao and Sandborn [9], and Pordti, et. al. flO] have 
recorded mean and turbulence quantities for such flows. A recent literature 
evaluation and further experimental results have been reported by 
Hrycak, ct. al.n[irj. Such flows are sufficiently different from the 
oblique impingement flow that they provide little assistance in the inter- 
pretation of the present results. 

The three-dimensional field of a wall jet whose width/height ratio 
is near unity provides am instructive reference case for certain aspects 
of the subject problem. Extensive dociimentation of such a wall jet is 
provided by Sforza and Herbst [l2]. 

The Experimental Faculity 

The flow system was designed such that the jet could be formed from 
two different exit plame conditions; specifically, a fully developed pipe 
flow and a relatively short nozzle with a rather uniform mean velocity 
profile were used. The flow system is shown in Figure 2. The high 
pressure air for the jet was produced by means of a multiple stage 
centrifugal blower and was ducted througn a counterflow heat exchanger 
in order to maintain the jet exit temperature at the ambient value. The 
blower and heat exchanger were placed in a separate room in order to 
ensure constant ambient conditions near the test facility during the course 
of a run. A plenum chamber was used to remove the large scale 
fluctuations from the flow. The fully developed pipe exit condition was 
obtained by a 3.66 m (12 ft.) long, 5.08 cm. (2 in.). I.D. extruded 
aluminum pipe giving exit velocities of about 37 mps (120 ft. /sec.) 
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The pipe was supported such that h/d values between 0 and 2 could be 
obtained. 

The flow system for the "uniform" exit profile consisted of a 
15. 2 cm (6 in. ) I.D. extension of the plenum chamber terminated by a 
short radius contraction to a 30.5 cm. (12 in. ) pipe. See Figure 3 for 
the detail of the nozzle and the exit plane velocity data. This configuration 
provided a compromise between a uniform exit condition and a geometry 
which minimized blockage effects (i.e., for entrainment) and allowed 
small values of h/d and a to be physically obtained. 

A large plate, hinged to provide variable angles a , served as the 
plane -wall. A portion of the plate was movable. Ay = 1 5.08 cm (t 2in - . 
and was driven in the y-direction by a computer controlled stepping motor. 

Two rows of surface static pressure taps, located at y = - 5.08 cm ft 2 in.) 
were used for the static pressure data. The rows were staggered so that, 
if symmetry was assumed, a spacing as fine as .3175 cm (l/8 in.) in the 
X -direction could be obtained. 

The movable plate section was also used to drive the hot-wire rake 
support head in the y-direction for the mean velocity traverses. The rake 
of four hot-wire probes was positioned in x and z and then traversed across 
in the y-direction at 0.254 cm (0. 1 in. ) intervals taking readings for 10 seconds 
at each point. This averaging time represents a compromise between the 
time required for a stationary signal in the outer region of the jet and the 
total time required for the quantity of data recorded. The acceptable data 
scatter in the velocity traverses justifies the selection of the averaging 
time. Disa, 55A22 hot-wires probes mounted in the x-y plane were used 
for the measurements. This probe has a known sensitivity to pitch effects, 
but no corrections to the data have been attempted since the objectives of 
the study were to provide data for an exploratory survey of the flow field. 

The instrumentation and data acquisition system is shown in Figure 4. 
Within the constraints imposed by the hot-wire probe response, the 
normalized u/u data is quite accurate since calibration information 
for the four linearized wires was first stored in the computer and then 
used for the subsequent computation of the velocity and the position, and 
the record of the position, were under computer control. 


4 



Results and Discussion 


Spreading and Curvature 

The presence of the plate imposes a kinematic, no penetration, 
constraint on the behavior of the jet. The response of the jet fluid will 
be to spread horizontally and/or to deflect vertically with respect to the 
horizontal plate. The balance between these two effects is dictated by 
the dynamics of the interaction. Ibe as cessment of the relative spreading 
of the jet requires the definition of both an appropriate reference of the 
jet width in the absence of the plate and an appropriate measure of the de- 
flected jet width. The former is provided by the intersection of the 
surface u(x,r) = 0. 1 u^ and the plane of the plate. The experimental data 
in the free jet indicated that a cone, of half angle 5. 7 degrees and 4 
degrees for the fully developed and \iniform cases respectively, quite 
adequately describes this surface for 0 £x/d ^ 5. The intersection of the 
cone and the plane of the plate will form an ellipse, hyperbola or parabola 
depending upon die incidence angle of the cone. 

The contours of constant pressure in the plane of the plate suggested 
an appropriate measure of the jet spread, see Figures 5 through 8. These 
figures, which include both the reference curve and the static pressure 
contours, indicate that there is little systematic spreading for the shallow 
angle (0 < a < IZ degree cases). Data for the 15 and 30 degree conditions 
are included to demonstrate that this condition does not persist for the 
larger angles. The similarity between the shape of the reference curve 
and the shape of the isobars prompted a quantitative examination of their 
mutv ility; the results of thi:i survey are presented in Table 1. It car be 
seen that the reference curve width is approximately 70 percent that of 
the zero isobar contour and that a nominal value of 0.3 describes the 
isobar which aligns with this reference curve. (Note that there is a con- 
siderably greater variation in the set of values which forms the second 
of these two measures.) Table 1 also demonstrates the complete range 
of cases which were investigated; the complete results are available in 
the report by Foss and Kleis [l3]. The static pressure contours serve 
to define what might be termed the "dynamic” jet width. Alternatively, 
the velocity field data constitutes the basis for a "kinematic" jet width. 
Isotach contours of the velocity field are shown for three characteristic 
cases in Figures 9 through 11. The lateral pressure distributions at the 



same longitudinal locations, which are included as reference width measures, 
clearly show that the kinematic width increases much more rapidly with 
increasing angle than the dynamic width. The isotach contours which corre- 
spond with the zero pressure location, namely, u/u = 0.1, 0.3 and 0. 5 for 
a =3,9, and 15 degrees respectively, demonstrate this. 

It is possible to rather accurately define the curvature of the jet from 
the extant experimental data. Specifically, the curvature K can be expressed 
as 


K = [d^ 


2 2 -3/2 

z^/dx] [1 +iiz^/dx)^] 


( 1 ) 


where z is the vertical location of the jets momentum flux vector. The 
m 

integral moment -of -momentum ev. nation applied to a control volume which 
extends from the jet exit to an arbitrary downstream location and from tiie 
plate to the entrained flow region can be used to relate z to measurable 
quantities. Neglecting the second order momentum flux terms of the en- 
trainment flow, this relationship is 

z , F , 

“ X * P * ^ 1 r * JA / 

d ” d d J(o) cos a ’ d ” j(o) cos a ^ 


which also implicitly considers the x -component momentum flux to be a 
constant. Using this expression for z^, the curvature K can be evaluated 
as 


K = 


J(o) cos g -CtoP 

[(■=7-r— 2 tan a )^ + 1 

J{o) cos a 


(3) 


and considering that the denominator of (3) is not significantly different 
from unity** for the shallow angle cases, the further condition that 

K dx ^tan a (4) 

o 

may be established as an integral reference condition for the K(x) curves. 

* This assumption is equivalent to neglecting the shear force on the plate 
from 0-*x. A separate experiment showed that the maximum shear force 
was less than 2 percent of J(o). 

2 

** Note that 0 SF^/j(o) cos a Stan a and tan o < 0.072 for a s 15 degrees. 
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Sample K(x) curves are presented in Figure 12. Unlike the jet width 
characteristics, no simple measures o£ the curvature were suggested by 
the data and no simple trends in the K(x) curves, as a function of a and 
h/d, were observed. Based upon the approximate relationship (4) and the 
area under the K(x) curves, it is apparent that the jets will continue to 
curve for a considerable distance downstream of the measurement region. 

Stagnation Phenomena 

On a gross scale, the jet flow impacts upon the plate, deflects ver- 
tically and/or sprcauls laterally as noted above* More precisely, only the 
stagnation streamline’^ impacts upon the plate; it is the purpose of this sec- 
tion to examine the nature of the stagnation phenomena both amalytically 
and experimentally. Analytically, the relationship between the streamline 
orientation at the plate surface auxd the surface pressure and vorticity gra- 
dients will be established. Experimentally, the location of the stagnation 
point will be inferred. 

The analysis which relates the orientation of the stagnation streamline 
to the characteristics of the flow is presented in the Appendix. The terms 
used in the analysis are identified in Figure 13 and the final result, viz, 

J.(0) = - ,5, 

9 p/9x 

can be used to infer that the stagnation point can be location in a region of 
adverse pressure gradient or at a pressure maxima. That is, since 
0 > ^' (0)5 - a> (based upon the geometric shape of the stagnation stremline), 
and since /9x) > 0 (based upon the condition that the flow is directed 
away from the point x , it is necessary that 9p/9x50 such that the r.h. s. 
of (5) is negative. The condition that 9p/9x = 0 describes the vertical 
impingement case. 

*Time averaged quantities are exclusively considered in this section. The 
stagnation streamline is defined as the locus of points everywhere tangent 
to the velocity field with a terminus (the stagnation point) on the impact 
plate. The presence of a finite length stagnation line will be suggested by 
the experimental data and it cannot be excluded by analytical considerations. 
However, the general discussion and the analysis will implicitly assume 
a single stagnation streamline. 
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The experimental technique to identify the stagnation point is based 

upon the equivalence of the stagnation pressure at z = 0 and a small 6 z 
value above the plate; i.e. , 6 z is assumed small enough that the alteration 
of the stagnation pressure resulting from shear effects is negligible. The 
technique also assumes that the 6 z value is sufficiently large such that the 
static pressure is essentially equal to the atmospheric value. A schematic 
representation of the measurement technique is presented in Figure 13. 

For convenience of representation, the surface static pressures were 
converted to an equivalent "stagnation streamUne"^ velocity v^; that is 

Vp(x) = {5:rp(x,0,0)- 

A Disa gold plated probe (to reduce pitch effects) was traversed at 
y = 0 and z = 6 z and the velocity v^ was recorded and transferred to the 
location of the plate along a ray which accounted for the inclination angle 
(a ) and the divergence amgle of the 0. 1 isotach (p); viz, ^ 2 ) was shifted 

by an amount 6 x where 

6 x = 6 z tan'^ (o + p). (7) 

The stagnation point is considered to be the point of tangency between the 
v^(x) and Vp(x) curves. In general, 6 z was sufficiently small ( 6 z/d =0.04) 
that the first ass\unption was reasonably well satisfied. If the static 
pressure at (x, 6 z) exceeded the atmospheric value then the true stagnation 
point would lie farther upstream than that indicated. 

The experimental data for a =3,9, and 15 degrees are presented 
in Figures 14 through I 6 . Considering that a stagnation point necessarily 
exists, the v^ curve was shifted farther downstream for the = 3 degree 
case; apparently, the downstream pressure on the plate ■ rtx«. i.ly deflects 
the low velocity fluid of the approaching jet. An opposite vense shift was 
introduced for the o =15 degree data since the sur.'- ce pr ssure cannot 
exceed the equivalent stagnation streamline value. Alternatively, this 
could logically be considered to indicate a violation of the "atmospheric 
pressure at &z" assumption. Significantly, the indicated stagnation points: 
x /d = 3 . 8 , 1.9, 1.3 for the conditions: uniform nozzle, h/d = 1 and o = 3, 

B 

9 , 15 degrees respectively, are close to the intersections of the 0. 1 isotachs 
with the plane of the plate. As noted earlier, the overlapping v^(x) and 
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v^(x) curves suggest the possibility of a finite length stagnation line 
(i.e. , the curves appear to be tangent over a region). Excluding this, 
the orientation of the streamline at the stagnation point could be interpretted 
by equation 10 if the x gradient of were available. 

Jet Flow Characteristics 

The isotach contours of Figures 9 through 11, which are characteristic 
of those reported by Foss and Kleis [l3], demonstrate the effect of the 
interaction on the jet. A striking feature of these curves is the preservation 
of the axisymmetric structure for the portion of the jet rexnoved from the 
plate. For the shallow angle cases (i.e. , a =3 and 9 shown herein) the 
axisymmetric region is joined to the "near wall" region by a "buffer" 
region. The near wall region is characterized by tightly spaced isotachs 
which are parallel to the plate and transverse to the jet flow axis. The 
buffer region, which joins the axisymmetric portion to the near wall region, 
is characterized by the skirts of the jet which spread laterally outward 
near the plate surface. If the jet approach toward the plate is sufficiently 
rapid, then the upper axisymmetric portion is not preserved; see, for 
example, the results for a =15 degrees, h/d = 1. 

A significant characteristic of the jet flow is implied, but not re- 
vealed explicitly, by the isotach patterns. Specifically, the lateral edges 
of the jet suggest the presence of streamwise vorticity near the plate 
{ t for ■? y respectively). This vorticity is created by the surface 
pressure field and the "vortex -stretching'' effects within the jet flow 
itself. These source effects are revealed by the control volume form 
of the vorticity transport equation*. 


* This equation can be readily derived by forming the curl of the Navier - 
Stokes equations, forming its volume integral, using the Gauss Theorem 
to replace volume with surface integrals and utilizing the Navier -Stokes 
equations to replac** the terms involving the viscosity and vorticity 
gradients with the surface pressure gradient terms. Specifically, for 
the latter. 


J *' P 

= r fi 1 LE 1 ^ u) 1 dA 

Ja ^ p 3y ^pdx 


.9 /9 u. 


AVhere the approximation is for the replacement of the integral over the 
control surface with the integral over the impact plate (Ap). Note that 
the other substitutions are exact. 


DBISINAL PAOB 0 
W POOB OUAUnf 
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•fc... 5 • S) dA = ^ S • vS dy +1 i |£ dA 


_T r 1. LS . ^ r 
J Ja p 0x *' J> 


du 


z dA 


8z 


( 8 ) 


For the application of this equation to the oblique jet impingement flow, 
consider a control volume bounded by the downstream plane of Interest, 

(e.g. , 0 Sy and 0 Sz where y and z are sufficiently large that 
they are in the entrainment region), the y = 0 and z = 0 planes and an 
upstream face across the approach jet. A small infl\ix of positive x- 
component vorticity will result from tl:e x projection of the azimuthal 
vorticity of the approach flow. A large efflux of negative can be 
expected as a result of the ( dp/dy) term, see Figures 5 through 8, and 
as a result of the production term (ij * 7 u). Specifically, the vorticity 
in the y-z plane, which is parallel to the isotachs shown in Figures 9 
through 11, will be strained into the x-direction by the du/dz and dvi/dy 
velocity gradients. Qualitative observations of Uj^ with a crossed vane 
"vorticity meter" confirmed this interpretation of the control volume 
equation; no quantitative measurements were attempted. These charac- 
teristics of the isotach patterns are also revealed by the three-dimensional 
wall jet data of Sforza and Herbst [iZ]. However, the rectangular geometry 
of the wall jet suggests that its isotach pattern is the result of the vortex 
filament reorientation as observed in the related flows of Viets and Sforza 
[l6] and Holdemau and Foss [2 7j. 


Summary and Conclusions 

For a sufficiently gradual approach toward the plate, the dynamic 
width of the impinging jet as revealed by the surface pressure field, is 
not significantly larger than the undeflected jet. The kinematic jet width, 
as revealed by the velocity field measurements near the plate, does increase 
monotonically as the rate of approach is increased. (Tlie rate of approach 
is increased as the angle, a , is increased and/or as the position of the 
jet above the plate, h, is decreased.) 

The orientation of the stagnation streamline at the plate surface is 
analytically related to the pressure gradient and the x gradient of the 
transverse vorticity. The possible location of the stagnation streamline 
in an adverse or zero pressure gradient is established analytically and 
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experimental data, which show it to be located in the adverse pressure 
gradient region substantially upstream of the maximum pressure location, 
are presented. 

The inference of strong streamwise vorticity production is established 
based upon a control volume description of the vorticity transport equation 
and the experimental data. 


n 
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Appendix’!’ 

The relaUonship betw-^en tiie flow field characteristics and the 
orientation of the stagnation streamline at tiie stagnation point is derived 
below. The 'nalysis was stimulated by t'le observation that the measured 
stagnation point was located in the adverse pressure gradient upstream 
of the maximum pressure. The basic r onsiderations employed in this 
analysis were largely abstracted from the LightMll presentation of the 
vorticity equations* see Rosenhoad [14]. Similar analytical develop- 
ments are presented by Oswatitsch [IS]. 

Using the symbols introduced, in Figure 13, the orientation of the 
stagnation streamline can be expressed as [dZ/dX]^ _ ^ where Z = Z(^), 
X = X( p) and p is the arc lengtii measured upstream along the stagnation 
streamline. The components of the velocity vector in the neighborhood 
of p = O can also be used to describe the orientation of tiie streamline; 
viz. , 


liin dZ 1 

p-O u( p) ■ dX ^ p = 0 


(A.l) 


Taylor series expansions for w(p) and u(p) can be used to describe 
thel.h.s. of (A.l). Specifically* 

o2 

w(p) = w(0) +w«(0)p +w««(0) fj— + .. 

2 

u(p) = u(0) +u«(0)p + u"(0) |r +... 


The derivatives in A. 2 can be expressed in terms of the velocity field 
derivatives in the cartesian coordinates (x,y) as, for example* 

= If" 

Mnd 

W"(P) = ^ [X'(P)]^ + 2 [X'(P) Z'(P)J + [Z'(p)f 

8x dz 

(A. 4) 

+ If [X"(p)] + |f [Z"(p)J 

The substition of these relationships into (A. 2) (fur the purpose 

of forming the ratio required for (A.l) can be substantially simplified 

*The authors gratefully acknowledge the assistance of Prof. D. Yen, M.S.U. , 
Dept, of Mathematics* for the development of the equations in this analysis. 



by noting the terms which are equal to zero. Specifically, 

w(0,=u(0,=|S,0,=|f(0)=|^(0)=|^,<0, = 0 


Hence 


dZ 1 Urn 

dX ^ p = 0 ■ p —0 


w»»(0)pV2 + 0(P^) 


i'(0) p+ a '(0) pVz + 0(p?) 
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M (0) [Z'(0)]^KpV2) 


(A. 5) 


Hie l.h. 8. of (A. 5) is non-zero; hence, du/dz(0) must be zero for 
otherwise the r.h.s. of (A. 5) would approach zero in the limit as 
p — 0. The ratio of the Z'(0) and X'(0) values is equal to the desired 
slope, that is. 


Z'(0) _ dZ, ^ , _ dZ . . 

- dp<°> dX<°> -dx^°) 


(A. 6) 


Dividing the non-zero terms of (A. 5) by [X'(0) Z‘(0)] (8 ^w/9 z^)(p^/Z) 

yields the expression 


(0) = X'(m 


dxdz 


Z'(O) 

X'(0) 


(A. 7) 


Forming the z partial derivative of the conservation of mass expression, 

8(V‘V)/ 9z = 0, evaluated at the symmetry plane where 8v/8y = 0, yields 

the equality 

2 2 
. 9 ^ = a w 

dxdz a 2 


(A. 8) 



Substituting (A. 8) into (A. 7) and noting that the denominator must be 
equal to 1, results in the following expressions for the slope of the 
stagnation streamline ‘ 
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(A.9) 
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Table 1. Summary of percent widths, distance to maximum pressure 
and isobar which aligns with free isotach intersection. 
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Figure Captions 


Figure 1 

Figure 2 
Figure 3 

Figure 4 
Figure 5 


Figure 6 
Figure 7 
Figure 8 
Figure 9 

Figure 10 

Figure 11 

Figure 12 
Figure 13 


The Coordinate System and a Schematic representation of 

jet impingement flow field 

The jet impingement flow system 

The "uniform flow" nozzle geometry and the exit plane 
velocity distribution « 

The data acquisition system 

Surface isobars for the conditions a = 3 degrees, h/d = 1, 
uniform nozzle Note: numerical values represent 
[p(x, y, 0)/ pXu(O) sin a ] x 10 where X = momentum flux 
correction factor = 0.809 and u(0) = velocity at the jet exit 
centerline = 120 fps; u(0) d/y^O^ 

Surface isobars for the conditions a = 9 degrees, h/d = 1, 
uniform nozzle (Contour numerical values defined in Figure 5). 
Surface isobars for the conditions a = 15 degrees, h/d = 1, 
uniform nozzle (Contour munerical values defined in Figure 5). 
Surface isobars for the conditions a = 30 degrees, h/d = 1, 
imiform nozzle (Contour numerical values defined in Figure 5). 
Isotach contours for the conditions a = 3 degrees, h/d = 1, 
uniform nozzle. (Contour numerical values represent u/u ^^_^ 
at the indicated x/d location) 

Isotach contours for the conditions a = 9 degrees, h/d = 1, 
uniform nozzle (Contour numerical values represent 
at the indicated x/d location) 

Isotach contours for the conditions a = 15 degrees, h/d = 1, 
uniform nozzle (Contour numerical values represent 
at the indicated x/d location) 

Curvature, K, of the approaching jet as a function of the inci- 
dence angle and initial elevation 
Stagnation Point phenomena 

a. ) Definition of terms used in the stagnation point analysis 

b. ) Experimental technique to locate the stagnation point 



Figure 14 


Figure 15 


Figure 16 


Experimental evaluation of the stagnation point for the condi- 
tions, a = 3 degrees, h/d = 1, uniform nozzle 
(Note, the stagnation * 'point" is inferred to be the point of 
tangency between the velocity measured by the hot-wire, v , 
and the velocity computed from the measured surface static 
pressure, v^. ) 

Experimental evaluation of the stagnation point for the condi- 
tions a = 9 degrees, h/d = 1, uniform nozzle. (See Figure 14 
for interpretation of data). 

Experimental evaluation of the stagnation point for the condi- 
tions a = 15 degrees, h/d = 1, uniform nozzle. 

(See Figure 14 for interpretation of data). 
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Computer controlled stepping motor for traverse 
of plate and probes 
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HWA hot-wire anemometer (2-T.S.I* 1054-A (linearized) 

Disa 55 DOS w/55D15 linearizer 
Disa 55 AOl w/ 55D15 linearizer 


P. T. pressure transducer (Decker Model 308-3) 
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2 

Vp(x.0,0) = -^[p{x,0.0) - 

V (x, 0, 0) = V measured at z/d = 0.0328 and 
^ shifted by Ajc = Az/tan(a + P) 

(P = spread angle of 0.1 
free isotach) 

Solid curve shows additional shift to 
indicate the stagnation point. 
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Vp(x,0,0) =1^ [p(x,0,0) - p(0,0,0)]| 

V = V measured at z/d = 0.0395 and 
shifted by Ax = Az/tan (a + P ) 

(P = spread angle to 0.1 
free isotach) 
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